As sessile organisms, plants continuously adjust their growth, development, and metabolism in response to environmental stress. Complex regulatory networks involving plant hormones play a central part in linking stress perception to transcriptional responses that permit acclimation to harsh environments ([@r1], [@r2]). The lipid-derived hormone jasmonoyl-[l]{.smallcaps}-isoleucine (JA-Ile) and its metabolic precursors and derivatives, collectively known as jasmonates (JAs), perform a critical role in plant resilience to many environmental challenges ([@r3], [@r4]). JAs are perhaps best known for orchestrating local and systemic immunity to organisms that exploit plants as a source of food and shelter ([@r5]). The hormone controls the expression of large sets of genes that specify a myriad of defense traits, including the biosynthesis of specialized metabolites that thwart attack by diverse organisms, ranging from microbes to mammals ([@r6][@r7]--[@r8]). Interestingly, transcriptional responses triggered by JA-Ile also result in growth inhibition ([@r9][@r10][@r11][@r12][@r13]--[@r14]). The dual role of JA-Ile in promoting defense and restricting growth provides an attractive opportunity to better understand the antagonistic relationship between growth and immunity, with implications for improving crop productivity ([@r15], [@r16]). Many gaps remain, however, in understanding how defense hormones reconfigure metabolism within the constraints of available resources to achieve an optimal balance between immunity and other physiological tasks ([@r17]).

In cells containing low JA-Ile levels, JASMONATE ZIM-DOMAIN (JAZ) proteins bind directly to and repress the activity of various transcription factors (TFs) ([@r9], [@r18], [@r19]). The most thoroughly studied JAZ-interacting TFs are MYC2 and its closely related paralogs ([@r20][@r21][@r22]--[@r23]). JAZ proteins repress MYC activity by providing a scaffold on which to recruit corepressors, such as NINJA and TOPLESS ([@r24], [@r25]), as well as by impeding the association of the coactivator protein MED25 with the transcription initiation complex ([@r26][@r27]--[@r28]). In addition to recruiting transcriptional repression complexes to the promoters of JA-responsive genes, JAZ proteins participate in the primary JA-Ile perception event leading to ubiquitin-dependent JAZ degradation. When intracellular levels of JA-Ile rise above a threshold concentration, the hormone promotes binding of JAZ to the F-box protein CORONATINE INSENSITIVE 1 (COI1), which is a component of the E3 ubiquitin ligase complex SCF^COI1^ ([@r18], [@r29], [@r30]). JAZ proteins tagged with polyubiquitin chains by SCF^COI1^ are destined for proteolytic destruction by the 26S proteasome, thereby relieving repression on MYC activity. Genetic epistasis analyses in *Arabidopsis* are consistent with biochemical and structural studies showing that COI1 and JA-Ile comprise a functional module dedicated to JAZ degradation, and that JAZ depletion is sufficient to derepress the expression of target genes controlled by MYC and other TFs ([@r12]).

Positive regulators of the core JA-Ile signaling pathway in *Arabidopsis*, including MYC TFs and components (e.g., COI1) of the JAZ degradation machinery, have been thoroughly studied through characterization of the corresponding loss-of-function mutants ([@r31]). In contrast, an understanding of how JAZ proteins negatively regulate JA responses has been hindered by the multimembered nature of *JA*Z gene families, which in *Arabidopsis* consists of 13 members (*JAZ1*--*13*) ([@r3], [@r8], [@r32]). Although there is evidence that individual *JAZ* genes control JA responses in specific tissues and cell types ([@r33], [@r34]), the absence of strong phenotypes in most *jaz* single mutants described to date suggests some degree of redundancy among *JAZ* family members ([@r8], [@r18], [@r32], [@r35]). Analysis of *Arabidopsis* mutants defective in multiple *JAZ* genes supports this interpretation. For example, constitutive JA responses in a *jaz* quintuple (*jazQ*) mutant defective in *JAZ1*, -*3*, -*4*, -*9*, and -*10* are relatively mild in comparison with the effects of exogenous JA treatment, and are fully suppressed by mutations that block JA-Ile biosynthesis or perception ([@r12], [@r35]). Indeed, treatment of plants with methyl-JA (MeJA) and other precursors of JA-Ile has been used extensively to study short-term responses (hours to days) to the hormone. This approach, however, is limited in its ability to target specific JAZ proteins or the tissues in which they are expressed. Multiple negative feedback circuits involving JA-Ile catabolism and JAZ repressors that are recalcitrant to JA-Ile--mediated degradation further mask the full range of responses to the hormone (reviewed in ref. [@r3]). These considerations provide a rationale for using extreme higher-order *jaz* mutants to investigate the physiological, metabolic, and developmental consequences of derepressing JA responses over the course of ontogeny.

Here, we developed a series of higher-order *jaz* mutants with which to interrogate the effects of chronic overactivation of JA responses. Progressive mutation of *JAZ* genes was positively correlated with the strength of defense traits and inversely associated with growth and fertility. Detailed characterization of a *jaz* decuple (*jazD*) mutant defective in *JAZ1--7*, -*9*, -*10*, and -*13* revealed constitutive activation of both JA and ethylene responses, leading to resistance to caterpillar feeding and infection by a necrotrophic fungal pathogen. Metabolic phenotypes of *jazD* were indicative of elevated carbon and sulfur partitioning to chemical defense traits controlled by the MYC and ethylene response factor (ERF) branches of immunity. The strong defense sink in *jazD* leaves was also associated with increased cellular respiration and carbon starvation, but not reductions in photosynthetic rate. Introduction of a *jaz8* mutation into the *jazD* background further exacerbated growth defects and nearly abolished seed production in the resulting *jaz* undecuple mutant. Similarly, elicitation of JA responses in the sensitized *jazD* background caused spreading necrotic lesions and tissue death. Collectively, our data indicate that JAZ proteins promote growth and reproductive success by attenuating the harmful metabolic effects of an unfettered JA response.

Results {#s1}
=======

Reduced Growth and Fertility of a *jazD* Mutant Is Associated with Extreme Sensitivity to JA. {#s2}
---------------------------------------------------------------------------------------------

We used insertion mutations to construct a series of higher-order *jaz* mutants with which to interrogate the biological consequences of chronic JAZ deficiency in *Arabidopsis* ([*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). The 13-member JAZ family in *Arabidopsis* is comprised of five phylogenetic groups (I--V) that are common to angiosperms ([*SI Appendix*, Fig. S2*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). The previously described *jazQ* mutant harbors mutations in the sole member (*JAZ10*) of group III, all three members of group V (*JAZ3*, -*4*, *-9*), and one member (*JAZ1*) of the largest group I clade. Building on the *jazQ* chassis, we used genetic crosses to introduce five additional mutations that target the remaining group I members (*JAZ2*, *-5*, *-6*) and two genes (*JAZ7* and *-13*) within group IV ([*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). The resulting homozygous *jaz1--7*, -*9*, -*10*, -*13* decuple mutant, referred to hereafter as *jazD*, thus targets all *JAZ*s except for *JAZ8* and the two group II genes (*JAZ11* and *JAZ12*).

Cultivation of plants in the absence of exogenous JA showed that, whereas *jazQ* roots and leaves grow more slowly than WT Col-0, growth of *jazD* was even slower than *jazQ* ([Fig. 1 *A* and *B*](#fig01){ref-type="fig"}). Soil-grown *jazD* plants displayed less leaf area and shorter petioles than *jazQ*, and also accumulated more anthocyanins ([Fig. 1*B*](#fig01){ref-type="fig"}, "mock," and [*SI Appendix*, Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). Leaf biomass measurements taken over a 20-d time course confirmed that the relative growth rate (RGR) of *jazD* rosettes during this developmental stage was significantly less than WT ([Fig. 1*C*](#fig01){ref-type="fig"}). That the RGR of *jazQ* was comparable to WT, despite the reduced biomass of *jazQ* rosettes at later times in development, may reflect growth changes occurring before the first time point of sampling (11 d after sowing) or the lack of statistical power needed to resolve small differences in RGR that are compounded over time into larger differences in rosette size. Although bulk protein, lipid, and cell wall content of rosette leaves was similar between all three genotypes under our growth conditions, the ratio of leaf dry weight (DW) to fresh weight was increased in *jazD* relative to WT and *jazQ* ([*SI Appendix*, Fig. S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). The restricted growth of *jazD* roots and leaves was associated with changes in flowering time under long-day growth conditions. *jazD* plants were delayed in their time-to-flowering compared with *jazQ* but contained a comparable number of leaves at the time of bolting ([*SI Appendix*, Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)).

![A *jaz* decuple mutant (*jazD*) is highly sensitive to jasmonate and exhibits reduced growth and fertility. (*A*) Root length of 8-d-old WT Col-0 (WT), *jazQ*, and *jazD* seedlings grown in the presence of 0, 5, or 25 µM MeJA. Data show the mean ± SD of 30 plants per genotype at each concentration. Capital letters denote significant differences according to Tukey's honest significant difference (HSD) test (*P* \< 0.05). (*B*) *jazD* leaves are hypersensitive to COR. The eighth leaf of 40-d-old plants grown under 12-h light/12-h dark photoperiod was treated with 5 µL water (mock) or 50 µM COR. Leaves were excised and photographed after 2 or 4 d of treatment. Arrows denote location of visible anthocyanin accumulation at the site of COR application. *Inset*, *Right* is enlargement of photograph of the COR-treated *jazD*. (Scale bars: 1 cm.) (*C*) RGR of soil-grown WT, *jazQ*, and *jazD* plants. (*D*) Total fatty acid content in seeds from the indicated genotype. Data show the mean ± SD of seeds obtained from five plants per genotype. (*E*) Time course of seed germination. Colored bars indicate the percentage of germinated seeds at various times after sowing on water agar: white, day 1; gray, day 2; black, day 3 and all later times; red, nongerminated seeds.](pnas.1811828115fig01){#fig01}

We next compared the response of *jazQ* and *jazD* mutants to exogenous JA. Root growth assays showed that the extent of JAZ deficiency (*jazD* \> *jazQ* \> WT) inversely correlated with root length under a range of MeJA concentrations, with growth of *jazD* roots effectively arrested in the presence of 5 μM MeJA ([Fig. 1*A*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). Shoot responsiveness to the hormone was assessed by treating intact leaves with coronatine (COR), which is a potent agonist of the JA-Ile receptor ([@r29]). WT and *jazQ* leaves showed visible accumulation of anthocyanin pigments at the site of COR application (i.e., midvein) within 4 d of the treatment, with no apparent signs of chlorosis ([Fig. 1*B*](#fig01){ref-type="fig"}). In contrast, *jazD* leaves exhibited visible chlorosis at the site of COR application within 2 d of treatment and, strikingly, near complete loss of chlorophyll and spreading of necrosis-like symptoms throughout the leaf 4 d after treatment, leading to tissue death ([Fig. 1*B*](#fig01){ref-type="fig"}). These data indicate that progressive loss of *JAZ* genes in *jazQ* and *jazD* results in both quantitative (e.g., root growth inhibition) and qualitative (e.g., COR-induced tissue necrosis) differences in JA responsiveness, and are consistent with the notion that the hypersensitivity of *jazD* results, at least in part, from loss of JAZ-mediated negative-feedback control of JA responses.

Measurements of reproductive output showed that, whereas the total seed yield of *jazQ* was only marginally affected, seed production by *jazD* plumented to about one-third of WT levels ([Table 1](#t01){ref-type="table"}). The reduced fecundity of *jazD* resulted from a combination of decreased average mass per seed and lower total seed number per plant; mutant plants produced fewer seeds per silique, and the size and number of siliques per plant were reduced as well ([Table 1](#t01){ref-type="table"}). The reduced size of *jazD* seeds correlated with a reduction in total fatty acid per seed ([Fig. 1*D*](#fig01){ref-type="fig"}). Analysis of seed fatty acid profiles showed that *jazQ* and *jazD* seeds contain less oleic acid (18:1) and more linoleic acid (18:2) ([*SI Appendix*, Fig. S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)), suggesting alterations in fatty acid metabolism during seed development. The effect of *jazD* on seed size and lipid abundance was associated with reduced rates of seed germination ([Fig. 1*E*](#fig01){ref-type="fig"}). These findings indicate that constitutive JA responses resulting from JAZ depletion are associated with poor reproductive performance.

###### 

Seed and fruit production in higher-order *jaz* mutants

  Genotype   Seed yield per plant[^†^](#tfn1){ref-type="table-fn"} (mg)   Average seed mass[^‡^](#tfn2){ref-type="table-fn"} (μg)   Silique length[^§^](#tfn3){ref-type="table-fn"} (cm)   No. seed per silique[^§^](#tfn3){ref-type="table-fn"}   No. silique per plant[^§^](#tfn3){ref-type="table-fn"}
  ---------- ------------------------------------------------------------ --------------------------------------------------------- ------------------------------------------------------ ------------------------------------------------------- --------------------------------------------------------
  WT         608.3 ± 103.8                                                21.6 ± 1.3                                                1.59 ± 0.07                                            63 ± 11                                                 451 ± 77
  *jazQ*     524.3 ± 98.5                                                 17.3 ± 0.9\*                                              1.70 ± 0.06                                            58 ± 6                                                  533 ± 100
  *jazD*     192.7 ± 70.0\*                                               16.6 ± 0.7\*                                              1.45 ± 0.08\*                                          37 ± 4\*                                                329 ± 119\*

Data show the mean ± SD of at least 10 plants per genotype. Asterisks denote significant difference compared with WT plants according to Tukey's HSD test (\**P* \< 0.05).

Seed yield was determined by collecting all seeds from individual WT Col-0 and *jaz* mutant plants.

Average seed mass was determined by weighing batches of 200 seeds.

Fully elongated 7th, 9th, and 11th siliques were collected for measurements of silique traits. These traits were used to calculate the estimated number of siliques per plant.

Constitutive Activation of JA- and Ethylene-Mediated Defense Pathways in *jazD* Plants. {#s3}
---------------------------------------------------------------------------------------

Having established the effects of *jazQ* and *jazD* on growth and reproduction, we next assessed how these mutations impact JA-mediated signaling pathways for defense. Similar to results obtained with long-day--grown plants, *jaz*-mediated leaf growth restriction was observed under short-day conditions ([Fig. 2*A*](#fig02){ref-type="fig"}), which we used to promote leaf biomass and delay flowering in plants used for insect bioassays. In tests performed with the generalist herbivore *Trichoplusia ni*, we found that the strength of host resistance to insect feeding positively correlated with the severity of *jaz* mutation (*jazD* \> *jazQ* \> WT), consistent with a role for JAZs in the negative regulation of defense ([Fig. 2 *A* and *B*](#fig02){ref-type="fig"}).

![*jazD* plants are highly resistant to insect herbivores and necrotrophic pathogens. (*A*) Representative short-day grown WT Col-0 (WT), *jazQ*, and *jazD* plants before and after challenge with four *T. ni* larvae for 12 d. (Scale bar: 3 cm.) (*B*) Weight gain of *T. ni* larvae reared on plants shown in *A*. Data show the mean ± SD of at least 30 larvae per genotype. Capital letters denote significant differences according to Tukey's HSD test (*P* \< 0.05). (*C*) Heat map displaying the expression level of various jasmonate/ethylene-responsive genes in leaves of *jazQ* and *jazD* normalized to WT. *ACT*, agmatine coumaroyltransferase (At5g61160). (*D*) Representative leaf symptoms following 5 d treatment with *B. cinerea* spores or mock solution. (Scale bars: 2 cm.) (*E*) Disease lesion size on leaves of the indicated genotype. Data show the mean ± SD of at least 19 leaves per genotype. Capital letters denote significant differences (Tukey's HSD test, *P* \< 0.05). (*F*) Apical hook angle of seedlings grown in the presence of various concentrations of the ethylene precursor ACC. Data show the mean ± SD of at least 21 seedlings per genotype. Asterisks denote significant difference compared with WT (Tukey's HSD test, \**P* \< 0.05).](pnas.1811828115fig02){#fig02}

Messenger RNA sequencing (RNA-seq) was used to investigate the molecular basis of the enhanced antiinsect resistance. Global transcript profiles revealed that the total number of differentially expressed genes in *jazD* leaves (relative to WT) was more than 10-fold greater than that in *jazQ* (2,107 and 186 for *jazD* and *jazQ*, respectively) ([*SI Appendix*, Fig. S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental) and [Dataset S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). Among the 186 genes whose expression was statistically different in the *jazQ* vs. WT comparison, the majority (59%) of these were also differentially expressed in *jazD*. Gene Ontology (GO) analysis of 1,290 genes expressed to higher levels in *jazD* than WT showed that "response to JA/wounding," as well as "defense response," were among the biological processes most statistically overrepresented in this comparison ([*SI Appendix*, Fig. S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental) and [Dataset S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). These results, together with analysis of metabolic pathways that are differentially activated in *jaz* mutants (see below), indicate that the strength of antiinsect resistance correlates with the extent of JAZ deficiency and concomitant reprogramming of gene expression.

Analysis of the RNA-seq data also revealed that ethylene-response genes were highly expressed in *jazD* but not *jazQ*. In particular, antifungal defense genes controlled by the synergistic action of JA and ethylene were modestly repressed in *jazQ* but highly induced in *jazD* ([Fig. 2*C*](#fig02){ref-type="fig"} and [Dataset S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). Among these were genes encoding the AP2/ERFs ERF1 and ORA59, which integrate JA and ethylene signals to promote the expression of antimicrobial compounds, including various defensins (PDFs), pathogenesis-related (PR) proteins, and hydroxycinnamic acid amides (HCAAs) ([Fig. 2*C*](#fig02){ref-type="fig"}) ([@r36][@r37]--[@r38]). Strikingly, several *PDF* transcripts (e.g., *PDF1.2*) were among the most abundant of all mRNAs in *jazD* leaves, with expression levels comparable to that of the most highly expressed photosynthesis transcripts ([Dataset S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). In agreement with the RNA-seq data, *jazQ* plants were slightly more susceptible than WT to the necrotrophic pathogen *Botrytis cinerea*, whereas *jazD* leaves were more resistant to the spread of disease lesions ([Fig. 2 *D* and *E*](#fig02){ref-type="fig"}). To determine whether *jazQ* and *jazD* differentially affect other ethylene responses, we assessed apical hook formation in ethylene-elicited seedlings. Consistent with studies showing that apical hook formation is attenuated by JA signaling ([@r39]), we found that stimulation of hook curvature in response to treatment with the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) was reduced in *jazD* but not *jazQ* seedlings ([Fig. 2*F*](#fig02){ref-type="fig"}). These data indicate that whereas *jazQ* moderately activates JA responses and increases resistance to insect feeding, *jazD* strongly induces both the JA and ethylene branches of immunity to confer robust resistance to insect feeding and infection by *B. cinerea*.

To validate the RNA-seq results and gain additional insight how *jazD* promotes leaf defense, we used quantitative tandem mass spectrometry to quantify global changes in protein abundance in *jazD* vs. WT in leaves. Among a total of 4,850 unique proteins identified in both genotypes, 149 and 120 proteins accumulated to higher and lower levels, respectively, in *jazD* ([Dataset S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)) (threshold fold-change \>1.2, *P* \< 0.05). GO analysis of the 120 down-regulated proteins revealed enrichment of functional categories related to cytokinin response, cold response, and various functional domains of photosynthesis ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). Analysis of proteins that were more abundant in *jazD* showed there was good agreement with the corresponding mRNA levels determined by RNA-seq; transcripts encoding 78% of these 149 proteins were also induced in *jazD* plants ([Dataset S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). As expected, there was strong enrichment in this protein set of GO categories associated with response to JA, herbivore, and fungal attack, among other defense-related processes ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). For example, the proteomic analysis revealed that *jazD* coordinately up-regulated the abundance of most JA biosynthetic enzymes, as well as canonical JA marker proteins, such as VSP1 and VSP2 ([*SI Appendix*, Fig. S8](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). *jazD* leaves exhibited high expression of an agmatine coumaroyltransferase (At5g61160) and associated transporter (At3g23550) involved in the production of antifungal HCAAs ([@r40], [@r41]) ([Datasets S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental) and [S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). Transcripts encoding the acyl-CoA *N*-acyltransferase NATA1 (At2g39030), which catalyzes the formation of the defense compound N(δ)-acetylornithine ([@r42]), were 50-fold higher in *jazD* leaves compared with WT and *jazQ* and were accompanied by increased NATA1 protein abundance ([Datasets S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental) and [S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). Perhaps most striking was the coordinate up-regulation in *jazD* leaves, at both the mRNA and protein levels, of most known structural and enzymatic components of the endoplasmic reticulum (ER)-derived ER body ([*SI Appendix*, Fig. S9](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)), which is implicated in induced immunity ([@r43], [@r44]). These findings establish a central role for JAZ proteins as negative regulators of diverse leaf defense traits.

Reprogramming of Primary and Specialized Metabolism in *jazD* Plants. {#s4}
---------------------------------------------------------------------

To investigate how the activation of multiple defense pathways influences primary metabolism, we used the RNA-seq and proteomics data to infer metabolic pathways that are altered in *jazD* leaves. Mapping of differentially expressed genes to Kyoto Encyclopedia of Genes and Genomes pathway databases showed that the tricarboxylic acid (TCA) cycle, oxidative pentose phosphate pathway, sulfur assimilation and metabolism, and various amino acid biosynthetic pathways were among the processes most highly induced in *jazD*, whereas photosynthesis components were generally down-regulated ([Fig. 3*A*](#fig03){ref-type="fig"} and [Dataset S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)).

![Reconfiguration of primary and secondary metabolism in *jazD*. (*A*) Mapping of differentially regulated genes in *jazD* to various metabolic pathways implicates elevated production of defense metabolites derived from amino acids. Mapped pathways include photosynthesis (1), pentose phosphate pathway (2), shikimate pathway (3), amino acids from pentose phosphate intermediates (4), glycolysis (5), amino acids from glycolysis intermediates (6), TCA cycle (7), amino acids from TCA intermediates (8), sulfur metabolism (9), and defense metabolites from amino acids (10). Colored arrows denote the average fold-change of differentially expressed transcripts mapping to a particular pathway (*P* \< 0.05) ([Dataset S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). (*B*) Schematic of tryptophan biosynthesis from erythrose 4-phosphate (E4P), phosphoenolpyruvate (PEP), and 3-phosphoglycerate (3PG) illustrates up-regulation of genes and proteins in *jazD*. Each arrow represents an enzymatic reaction in the pathway. Boxes represent individual genes, colored by fold-change of *jazD* relative to WT according to RNA-seq data ([Dataset S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)), whereas gray boxes denote genes with no significant change in expression. Gene names within boxes denote significantly increased protein levels according to proteomics data. Gene abbreviations: AnPRT, anthranilate phosphoribosyltransferase; AS, anthranilate synthase; CS, chorismate synthase; DHQS, 3-dehydroquinate synthase; DHS, 3-deoxy-7-phosphoheptulonate synthase; DQD/SDH, 3-dehydroquinate dehydratase/shikimate dehydrogenase; EPSP, 5-enolpyruvylshikimate-3-phosphate synthase; IGPS, indole-3-glycerol-phosphate synthase; IGs, indole glucosinolates; OAS, O-acetylserine lyase; PAI, phosphoribosylanthranilate isomerase; PGDH, phosphoglycerate dehydrogenase; PSAT, phosphoserine aminotransferase; PSP, phosphoserine phosphatase; SAT, serine acetyltransferase; SK, shikimate kinase; TSA, tryptophan synthase alpha subunit; TSB, tryptophan synthase β-subunit. (*C*) Indole glucosinolate levels in *jazD* leaves relative to that in WT leaves. Asterisks denote significant differences in comparison with WT (Student's *t* test, \**P* \< 0.05). Abbreviations: 1MOI3M, 1-methoxyindol-3-ylmethyl (neoglucobrassicin); 4MOI3M, 4-methoxyindol-3-ylmethyl (methoxyglucobrassicin); I3M, indol-3-ylmethyl (glucobrassicin); OH-I3M, 4-hydroxyindol-3-ylmethyl (hydroxyglucobrassicin). (*D* and *E*) Net gas exchange rate in WT and *jazD* rosette leaves measured at 400 µmol CO~2~ and 20 °C after acclimation in 500 μmol m^−2^ s^−1^ in light (*D*) or dark (*E*).](pnas.1811828115fig03){#fig03}

One prominent example of a metabolic pathway that was up-regulated in *jazD* was the shikimate pathway for the biosynthesis of aromatic amino acids. Trp biosynthetic enzymes involved in the production of indole glucosinolates (IGs) showed particularly high expression at the mRNA and protein levels ([Fig. 3*B*](#fig03){ref-type="fig"} and [Dataset S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). Consistent with this finding, genes encoding enzymes in the phosphoserine pathway that supplies Ser for the biosynthesis of Trp and Cys ([@r45]) were highly up-regulated in *jazD*, as was the abundance of the corresponding enzymes as determined from proteomics data ([Fig. 3*B*](#fig03){ref-type="fig"}, [*SI Appendix*, Fig. S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental), and [Datasets S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental) and [S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). LC-MS analysis of leaf extracts showed that several IGs accumulate to high levels in *jazD* ([Fig. 3*C*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S10](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)), thereby validating the omics data. In agreement with previous studies employing JA elicitation ([@r46][@r47]--[@r48]), we also found that pathways involved in sulfur assimilation and cysteine biosynthesis, as well as ascorbate and glutathione metabolic pathways that protect against oxidative stress, were strongly up-regulated in *jazD* ([Fig. 3*B*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S11](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). These data indicate that genetic depletion of JAZ proteins recapitulates the transcriptional effects of exogenous JA, and demonstrate that JAZ proteins exert control over pathways that operate at the interface of primary and specialized metabolism.

We next addressed the question of whether *jazD* modulates net carbon assimilation. Despite the down-regulation of photosynthetic mRNAs and proteins in *jazD*, modeling of photosynthetic parameters derived from gas-exchange data indicated that the leaf area-based photosynthetic rate of *jazD* plants was comparable to WT ([Fig. 3*D*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S12 *A* and *B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). This finding was confirmed by ^13^C isotope discrimination measurements, which showed that the degree of CO~2~ resistance through mesophyll cells was similar in WT, *jazQ*, and *jazD* leaves ([*SI Appendix*, Fig. S12 *C* and *D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). In contrast to photosynthesis, the net loss of CO~2~ from *jazD* leaves in the dark exceeded that of WT by ∼50% ([Fig. 3*E*](#fig03){ref-type="fig"}). Increased cellular respiration in *jazD* was confirmed by experiments showing that the mutant had increased respiration in both the day and night portions of the photoperiod ([*SI Appendix*, Fig. S12 *E* and *F*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). These findings are consistent with the notion that increased cellular respiration is associated with high-level production of defense compounds ([@r49]). GO analysis of the 817 down-regulated genes in *jazD* leaves showed enrichment for growth-related processes, including "response to light stimulus," "cell wall organization," "response to abiotic stimulus," "carbohydrate biosynthetic process," and "lipid biosynthetic process" ([*SI Appendix*, Fig. S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)).

*jazD* Plants Exhibit Symptoms of Carbon Starvation. {#s5}
----------------------------------------------------

Increased respiration and partitioning of carbon to metabolic defense pathways, in the absence of compensatory changes in photosynthesis, raised the possibility that *jazD* plants have a carbon deficit. Time-course studies showed that the rates of starch accumulation (WT: 0.103 µmol Glc g^−1^ DW h^−1^; *jazD*: 0.113 µmol Glc g^−1^ DW h^−1^) and degradation (WT: −0.220 g^−1^ DW h^−1^; *jazD*: −0.186 µmol Glc g^−1^ DW h^−1^) were comparable between WT and *jazD* ([Fig. 4*A*](#fig04){ref-type="fig"}). However, starch levels in *jazD* leaves were slightly lower than WT at all times of the diel cycle except at the end of the night, when starch was mostly depleted but modestly elevated in *jazD* relative to WT. *jazD* leaves also had consistently lower sucrose levels ([Fig. 4*B*](#fig04){ref-type="fig"}). We also found that genes involved in starch and sucrose metabolism were generally down-regulated in *jazD*, including the mRNA and protein abundance of the plastidic starch biosynthetic enzyme phosphoglucomutase (PGM1, At5g51820) ([Datasets S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental) and [S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)).

![*jazD* plants exhibit symptoms of carbon starvation. (*A* and *B*) Time course of starch (*A*) and sucrose (*B*) levels in WT Col-0 (WT) and *jazD* plants during long-day photoperiod. Asterisks denote significant differences in comparison with WT (Student's *t* test, \**P* \< 0.05). (*C*) Heat map showing the expression level of SSM genes in *jazQ* and *jazD* leaves. Gene-expression levels determined by RNA-seq are represented as fold-change (log~2~) over WT. (*D* and *E*) Photograph (*D*) and DW (*E*) of 16-d-old WT, *jazQ*, and *jazD* seedlings grown horizontally on MS medium containing the indicated concentration of sucrose. (Scale bar: *D*, 0.5 cm.) (*F*) Root length of 11-d-old WT, *jazQ*, and *jazD* seedlings grown vertically on MS medium lacking sucrose (open bar) or containing 23 mM sucrose (filled bar). Two-way ANOVA was used to test the effect of sucrose on growth (*E* and *F*) and showed that, whereas genotype (*P* \< 0.001 for both WT vs. *jazQ* and WT vs. *jazD*) and sucrose (*P* \< 0.001 for both WT vs. *jazQ* and WT vs. *jazD*) significantly affect shoot and root growth, the genotype × sucrose interaction was significant only for *jazD* comparisons.](pnas.1811828115fig04){#fig04}

To test whether these changes in central metabolism are associated with carbon deficit, we used the RNA-seq data to query the expression of genes that are induced by conditions (e.g., prolonged darkness) leading to carbon starvation. We found that 42 of 278 (15%) sugar starvation marker (SSM) genes defined by Baena-González et al. ([@r50]), including several *DARK INDUCIBLE* (*DIN*) genes that respond to reduced energy status ([@r51]), were expressed to much higher levels in *jazD* than WT and *jazQ* ([Fig. 4*C*](#fig04){ref-type="fig"}). We also examined the expression of EIN3-regulated glutamate dehydrogenases (GDH) that replenish 2-oxoglutarate for the TCA cycle and are considered metabolic markers of carbon deficiency ([@r52][@r53]--[@r54]). Both the transcript and protein abundance of GDH1 (At5g18170) and GDH2 (At5g07440) were statistically increased in *jazD* in comparison with WT ([Datasets S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental) and [S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)), consistent with a carbon deficit in this mutant.

To test the hypothesis that carbon limitation contributes to the slow growth of *jaz* mutants, we compared the growth of WT, *jazQ*, and *jazD* seedlings on agar medium supplemented with sucrose. The data showed that although exogenous sucrose promotes increased biomass in all genotypes tested, the stimulatory effect on the growth of *jazD* shoots was statistically greater than that of WT and *jazQ* ([Fig. 4 *D* and *E*](#fig04){ref-type="fig"}). Exogenous sucrose also enhanced the root growth of *jazD* in comparison with WT and *jazQ* ([Fig. 4*F*](#fig04){ref-type="fig"}). Control experiments with sorbitol showed that the growth-promoting effect of sucrose was not attributed to changes in osmotic strength of the growth medium ([*SI Appendix*, Fig. S13](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). These data provide evidence that the reduced growth of *jazD* but not *jazQ* results in part from a limitation in carbon supply.

A *jaz1*--*jaz10* and *jaz13* Undecuple Mutant Produces Few Viable Seeds. {#s6}
-------------------------------------------------------------------------

The ability of *jazD* plants to perceive and respond to exogenous JA suggested that the remaining JAZ proteins in the mutant can actively repress JA-responsive genes. We hypothesized that mutation of these remaining *JAZ* loci (i.e., *JAZ8*, *JAZ11*, and *JAZ12*) in the *jazD* background may further enhance the level of growth-defense antagonism. To test this, we focused on *JAZ8* because of its established role in repressing JA responses ([@r25]) and the availability of a naturally occurring *jaz8*-null allele ([@r32]). Moreover, the increased expression of *JAZ8* in *jazD* leaves (\>15-fold relative to WT) ([*SI Appendix*, Fig. S8](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)) was consistent with a role in negative-feedback control of JA responses. Screening of progeny derived from genetic crosses between *jazD* and *jaz8* resulted in the identification of an undecuple mutant (*jazU*) homozygous for mutations in *JAZ1*--*JAZ10* and *JAZ13* ([*SI Appendix*, Fig. S14*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). Root growth assays showed that *jazU* roots were even shorter than *jazD* in the presence of very low concentrations (e.g., 1 µM) of MeJA ([Fig. 5*A*](#fig05){ref-type="fig"}). When grown on JA-free medium, *jazU* showed an even stronger constitutive short-root phenotype than *jazD* ([Fig. 5*A*](#fig05){ref-type="fig"}). Similarly, the rosette morphology of *jazU* confirmed the progressive effect of JAZ depletion on restriction of rosette growth, including reduced biomass, leaf area, and petiole length ([Fig. 5*B*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S14 *B*--*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). Most strikingly, *jazU* plants exhibited near complete loss of viable seed production ([Fig. 5*C*](#fig05){ref-type="fig"}). We estimated that less than 3% of *jazU* flowers set fruit; although *jazU* pollen was viable in crosses, among flowers that produced fruit, most senesced and aborted during silique filling ([*SI Appendix*, Fig. S14*E*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). Among the few *jazU* flowers that did produce seeds, seed set per silique was severely reduced, with recovery of only a few viable seeds per plant ([*SI Appendix*, Fig. S14 *F*--*H*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). The collective seed-yield phenotypes of *jazQ*, *jazD*, and *jazU* strongly support a key role for JAZ proteins in promoting reproductive vigor.

![Genetic combination of *jaz8* and *jazD* further restricts growth and nearly abolishes seed production in the resulting undecuple mutant. (*A*) Root length of 10-d-old WT Col-0 (WT), *jazD*, and *jaz* undecuple (*jazU*) seedlings grown in the presence of 0, 0.2, or 1 µM MeJA. Data show the mean ± SD of 14--20 seedlings per genotype at each concentration. Capital letters denote significant differences according to Tukey's HSD test (*P* \< 0.05). (*B*) Photograph of WT, *jazQ*, *jazD*, and *jazU* rosettes of 28-d-old plants. (*C*) Photograph of WT, *jazD*, and *jazU* inflorescence of 8-wk-old plants.](pnas.1811828115fig05){#fig05}

Discussion {#s7}
==========

A major objective of this study was to employ higher-order *jaz* mutants as tools to achieve a deeper understanding of JA responses throughout the plant life cycle. Our data show that moderate and severe JAZ deficiency in *jazQ* and *jazD*, respectively, recapitulates many of the effects of exogenous JA on growth, defense, and metabolism. Comparison of leaf transcriptomes revealed that the degree of JAZ depletion correlated both with the extent of transcriptional reprogramming and the strength of growth--defense antagonism. The complexity of growth- and immune-related phenotypes in higher-order *jaz* mutants is thus consistent with the capacity of JAZ proteins to directly control the activity of diverse TFs ([@r3]). Based on current annotations of the *Arabidopsis* TF repertoire ([@r55]), we identified 218 (147 up- and 71 down-regulated) and 20 (11 up- and 9 down-regulated) TF-encoding genes that are differentially expressed in *jazD* and *jazQ*, respectively ([Dataset S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental)). These findings support a general model in which JAZ proteins reside at the apex of a transcriptional hierarchy that promotes defense and simultaneously inhibits growth ([@r3], [@r8]). *jaz* loss-of-function mutations may also indirectly influence gene expression through changes in the expression of TF-encoding genes that promote subsequent waves of transcription or compensatory responses. A future challenge will be to link specific phenotypes of *jaz* mutants to defined JAZ-TF regulatory modules that exert temporal and spatial control over JA responses ([@r12], [@r33], [@r34]).

A significant finding of our work was that *jazQ* and *jazD* mutants show not only quantitative variation in JA-related phenotypes but also qualitative differences in select defense traits. This is exemplified by the observation that *jazD* constitutively activates the ethylene branch of immune signaling to increase resistance to *B. cinerea*, whereas *jazQ* moderately inhibits ethylene-dependent defense responses to this pathogen. The elevated JA/ethylene-dependent resistance of *jazD* is consistent with the ability of some JAZ proteins to repress the activity of two master regulators of ethylene signaling, EIN3 and EIL1, which in turn activate the expression of TFs (e.g., ERF1) that mediate resistance to necrotrophic pathogens ([@r36], [@r37], [@r56][@r57]--[@r58]). Thus, although *jazQ* moderately relieves repression on MYC TFs to enhance resistance to insect feeding, this combination of *jaz* mutations (*jaz1*, -*3*, -*4*, -*9*, -*10*) may be insufficient to derepress EIN3/EIL1. In this scenario, antagonistic interactions between the MYC2 and ERF1 branches of JA signaling ([@r59]) would explain the increased susceptibility of *jazQ* to *B. cinerea*. In contrast, we propose that the severe JAZ deficiency in *jazD* simultaneously derepresses both the MYC2 and EIN3/EIL1 branches to confer strong resistance to chewing insects and necrotrophic pathogens. Given that EIN3 physically interacts with MYC2 to inhibit JA-regulated defense against insect herbivores ([@r39]), robust activation of insect and fungal pathogen defenses in *jazD* suggests that MYC2-EIN3/EIL1 antagonism may require certain JAZ proteins to control the balance between transcriptional repression and activation ([@r3]). The distinct biotic stress phenotypes of *jazQ* and *jazD* may reflect a larger pool of JAZs in *jazQ*, or may be attributed specifically to one or more JAZ proteins (i.e., JAZ2, -5, -6, -7, -13) present in *jazQ* but absent in *jazD*. Complementation of *jazD* with WT *JAZ* genes may help to address this hypothesis. It is noteworthy that many phenotypes of *jazD*, including high expression of *PDF* genes and enhanced resistance to both caterpillar feeding and pathogen infection, are also observed in mutants defective in JA catabolism ([@r60], [@r61]). These findings suggest that changes in JA homeostasis may deplete JAZ abundance to phenocopy the effects of *jaz* mutants.

JAZ depletion in higher-order *jaz* mutants may propagate changes in protein--protein interaction networks that shape the diversity of JA responses and hormone cross-talk ([@r3]). The strong induction of IG biosynthesis in *jazD* is consistent with the role of MYC-MYB heterodimers in JA-mediated activation of IG biosynthetic genes ([@r62], [@r63]), such that genetic depletion of JAZ favors MYC--MYB interaction. A similar argument applies to the role of JAZ--DELLA interactions in the control of growth--defense balance; JAZ depletion could restrict growth through increased DELLA activity and attenuation of gibberellin-mediated responses ([@r64][@r65]--[@r66]). It remains to be determined whether changes in DELLA abundance or other components of the gibberellin pathway contribute to the reduced growth of higher-order *jaz* mutants. In fact, the critical role of MYC2, -3, and -4 in restricting leaf growth and biomass in *jazQ* ([@r12]) suggests that these TFs contribute to the growth phenotype of *jazD*. Other potential factors contributing to the reduced growth rate of *jazD* include down-regulation of genes involved in cell wall organization ([@r14]), and perturbation in auxin levels resulting from altered Trp metabolism.

Lifetime viable seed production is a reliable measure of the cost of defense. Consistent with studies showing that induced defense responses in the absence of herbivore pressure curtail seed production ([@r67], [@r68]), we found that *jazQ*, *jazD*, and *jazU* mutants have weak, moderate, and severe negative effects on seed production, respectively. It therefore appears that either too little (e.g., *coi1* mutation) or too much (e.g., *jazU* mutation) JA response can lead to reproductive failure, albeit for different physiological reasons. Similarly, the reduction in seed size and quality in higher-order *jaz* mutants is consistent with the increased seed size in JA-deficient mutants ([@r69]). These findings suggest that unrestrained JA responses give rise to trade-offs in which increased partitioning of resources to defense in source tissues reduces nutrient availability in sink tissues. It has been shown, for example, that carbon starvation in leaves has direct negative effects on seed development and quality in *Arabidopsis* ([@r70]). In demonstrating a critical role for JAZ proteins in promoting reproductive performance, our results provide a fitness-based explanation for the emergence of multitiered mechanisms to restrain JA responses, with implications for understanding the evolution of JA signaling systems ([@r3], [@r17]).

Several features of higher-order *jaz* mutants, including constitutive production of defense compounds, slow growth, and reduced fecundity, are indicative of hyperactive immunity ([@r71]). These effects were exaggerated under conditions designed to further deplete JAZ in the sensitized *jazD* background, either by treatment with exogenous hormone or addition of *jaz8* mutation. The necrosis of COR-treated *jazD* leaves provides strong evidence that JAZ proteins protect against JA-mediated cell death resulting from a runaway immune response. Although the underlying cause of tissue necrosis remains to be determined, we note that JAs have long been known to promote senescence-like symptoms and to elicit the production of reactive oxygen species ([@r72][@r73][@r74]--[@r75]). Moreover, silencing of the *JAZh* paralog in *Nicotiana attenuata* caused spontaneous necrosis at late stages of leaf development, which was associated with increased reactive oxygen species production ([@r76]). It is possible that the growth inhibitory and senescence-like symptoms of *jaz* mutants reflects autotoxicity of defense compounds, as recently proposed for IGs in *Arabidopsis* ([@r77]). The emerging link between IG production and ER body formation ([@r43]), coupled with our discovery that JAZ proteins suppress the expression of both IGs and ER body components, provide the impetus for future studies aimed at understanding how JA coordinates the proliferation of specialized organelles with defense metabolism. The striking diversity of chemical defense pathways expressed in *jazD* indicates that *jaz* mutants, potentially from any plant species, may be useful tools for discovery of novel antimicrobial and antiinsect defense compounds.

Our analysis of the effects of chronic JAZ deficiency provides insights into how vegetative growth rate is coordinated with changes in primary and specialized metabolism. In general, our data support the acclimatory response hypothesis to explain how plant growth rate is modulated in response to changes in the supply and demand for assimilated carbon ([@r17], [@r70]). Several independent lines of evidence indicate that partitioning of resources to a strong defense sink in *jazD* leaves is associated with carbon starvation and downward adjustment of growth rate. First, the expression of genes and protein markers of carbon starvation were up-regulated in *jazD* leaves. Consistent with the concept of resource allocation costs, exogenous sucrose partially restored the growth of *jazD* leaves and roots. Second, the area-based respiration rate of *jazD* leaves was increased without a corresponding change in photosynthetic rate, potentially contributing to an energy deficit. Third, the sucrose and starch content in *jazD* leaves was modestly depleted throughout most times of the diel cycle, consistent with studies showing that JA elicitation reduces photoassimilate levels ([@r78]). Given that the rates of starch synthesis and degradation were similar in *jazD* and WT leaves, it appears that the control mechanisms underlying the precise pacing of starch reserves ([@r70], [@r79]) are largely operational under conditions where JA signaling strongly diverts carbon to defense. These findings suggest that JAZ proteins flexibly adjust growth--defense balance to match anticipated changes in resource availability, thereby avoiding the detrimental effects of hyperimmunity.

In summary, our results demonstrate that JA-triggered immunity imposes major metabolic demands that, if not properly restrained, are detrimental to plant fitness. In environments where assimilated carbon, nitrogen, water, and other essential nutrients may be limiting, the bioenergetic and biosynthetic demands associated with increased defense must be tightly coordinated with other physiological tasks. We propose that JAZ proteins assist in balancing the growth--defense continuum not as a binary on--off switch but rather by matching the biotic stress level to available resources. In particular, our results indicate that growth and reproductive penalties of immunity become evident only at high levels of defense; a condition that is buffered by multiple negative-feedback mechanisms. The intermediate level of antiinsect defense exhibited by *jazQ* does not appear to impose major allocation costs under laboratory growth conditions ([@r35]). Rather, the level of growth restriction exhibited by *jazQ* may reflect other adaptive roles of growth--defense antagonism. Downward adjustment of growth may, for example, provide a mechanism to concentrate defense compounds in affected tissues, promote cross-resilience to potential future stress by reserving resources, or optimize the timing of vegetative-to-reproductive transition ([@r11], [@r17], [@r80]). In contrast to *jazQ*, severe JAZ depletion in *jazD* activates transcriptional programs that dictate much stronger allocation of central metabolites to defense, with significant negative effects on growth and reproduction. A high energetic expense associated with synthesis of defense proteins, provision of amino acid precursors and biosynthetic enzymes, transport, and storage of defense compounds in *jazD* is supported by hallmarks of carbon starvation. The diversion of resources to defense in *jazD* likely extends beyond carbon to other facets of intermediary metabolism. The induced production of defensins and other sulfur-rich defense compounds, for example, provides a plausible explanation for up-regulation of enzymes involved in sulfate assimilation and the biosynthesis of cysteine, consistent with the importance of sulfur metabolism in plant defense ([@r46][@r47]--[@r48]). A challenge for future studies will be to elucidate the mechanisms by which the status of carbon and other nutrients is sensed and adjusted during growth-to-defense transitions.

Materials and Methods {#s8}
=====================

The Columbia accession (Col-0) of *Arabidopsis thaliana* was used as WT for all experiments. *jazD* was constructed by crossing *jazQ* ([@r35]) to other transfer-DNA or transposon insertion mutants obtained from the *Arabidopsis* Biological Research Center (Ohio State University). Detailed information on the construction of *jazD* and *jazU* are described in [*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental). Details of plant growth conditions, chemical treatments, insect and pathogen bioassays, physiological assays, including gas-exchange measurements, RNA-seq and proteomic analyses, and metabolite quantification are provided in the [*SI Appendix*, *Supplemental Materials and Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811828115/-/DCSupplemental).
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